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Mouse whiskers are somatotopically mapped in
brainstem trigeminal nuclei as neuronal modules
known as barrelettes. Whisker-related afferents
form barrelettes in ventral principal sensory (vPrV)
nucleus, whereas mandibular input targets dorsal
PrV (dPrV). How barrelette neuron identity and cir-
cuitry is established is poorly understood. We found
that ectopic Hoxa2 expression in dPrV neurons is
sufficient to attract whisker-related afferents,
induce asymmetrical dendrite arbors, and allow
ectopic barrelette map formation. Moreover, the
thalamic area forming whisker-related barreloids is
prenatally targeted by both vPrV and dPrV axons
followed by perinatal large-scale pruning of dPrV
axons and refinement of vPrV barrelette input.
Ectopic Hoxa2 expression allows topographically
directed targeting and refinement of dPrV axons
with vPrV axons into a single whisker-related barre-
loid map. Thus, a single HOX transcription factor is
sufficient to switch dPrV into a vPrV barrelette
neuron program and coordinate input-output topo-
graphic connectivity of a dermatome-specific circuit
module.INTRODUCTION
Facial somatosensory input is wired to the brain through the tri-
geminal circuit (reviewed in Erzurumlu and Gaspar, 2012; Erzur-
umlu et al., 2010; O’Leary et al., 1994; Pouchelon et al., 2012)
(Figure 1). Facial dermatomes are topographically connected
to the brainstem through the peripheral and central axons of tri-
geminal ganglion (TG) primary sensory neurons that segregate
into mandibular, maxillary, and ophthalmic trigeminal nerve
branches. Central afferent axons enter the brainstem, make col-
laterals, and target second order neurons in the principal (PrV)Cand spinal (SpV) trigeminal nuclei. PrV neurons project contralat-
erally through the lemniscal pathway to third order neurons in the
ventral posterior medial (VPM) thalamus, which in turn innervate
the S1 somatosensory cortex area hosting the representation of
orofacial structures.
A large portion of themouse facial representation is devoted to
the mystacial vibrissae (whiskers), organized in five rows of four
to seven follicles on the snout. Whiskers are mapped as spatially
ordered neuronal modules at brainstem (known as barrelettes),
thalamic (barreloids), and cortical (barrels) levels faithfully repro-
ducing the whisker spatial arrangement on the face (Ma and
Woolsey, 1984; Van Der Loos, 1976; Woolsey and Van der
Loos, 1970). Mouse strains with supernumerary whiskers display
additional whisker-related modules in the barrel cortex (Ozeki
and Tabata, 2002; Van der Loos et al., 1984), suggesting an
instructive role of the periphery in imposing a central somato-
topic pattern (da Silva et al., 2011; Hodge et al., 2007). On the
other hand, a whisker-related matching central pattern might
only be induced in intrinsically specified neuronal subsets. At
the brainstem level, little is known about PrV intrinsic determi-
nants establishing the post-synaptic barrelette pattern and
providing a topographic axonal template for barreloid formation
in the thalamus.
Dorsal PrV (dPrV) and ventral PrV (vPrV) are composed of
spatially segregated neuronal sub-populations derived from
distinct rostrocaudal progenitor compartments, the rhombo-
mere (r)2 and r3 (Oury et al., 2006), respectively. The trigeminal
nerve mandibular branch sends collaterals selectively to dPrV,
whereas vPrV is targeted by whisker-related afferents of the
maxillary branch and forms the barrelette map (reviewed in Er-
zurumlu et al., 2010). A few transcription factors have been
involved in PrV development (Ding et al., 2003; reviewed in Erzur-
umlu et al., 2010) but to date no single transcription factor nor
molecule has been shown to be sufficient on its own to instruct
vPrV-specific barrelette neuron sub-type identity and its topo-
graphic connectivity. Hoxa2 expression is differentially main-
tained in vPrV, although not dPrV, postmitotic progeny (Oury
et al., 2006) (Figures S1A–S1L). Moreover, Hoxa2 is not ex-
pressed in the facial mesenchyme nor TG primary neurons
(Oury et al., 2006). Thus, Hoxa2 is a good candidate to specifyell Reports 13, 783–797, October 27, 2015 ª2015 The Authors 783
Figure 1. Trigeminal Circuit in the Mouse
(A) Trigeminal circuit diagram in the mouse. The inset shows the brainstem trigeminal nuclear complex and its subdivisions. Barrelettes are formed in vPrV and
specific SpV subnuclei. Hoxa2 is expressed rostrocaudally up to the dPrV mitotic progenitor domain, but not maintained in dPrV, unlike vPrV, postmitotic
neurons.
(B) Legend describing each component of the trigeminal circuit. dPrV, dorsal principal trigeminal nucleus; vPrV, ventral principal trigeminal nucleus; SpVo, spinal
nucleus, oralis division; SpVir, spinal nucleus, rostral part of interpolaris division; SpVic, spinal nucleus, caudal part of interpolaris division; SpVc, spinal nucleus,
caudalis division.
See also Figure S7.a vPrV barrelette neuron subtype identity and connectivity pro-
gram. However, Hoxa2 conditional deletion in r3-derived vPrV
neurons resulted in lack of whisker-related primary sensory
afferent input to vPrV (Oury et al., 2006), preventing the study
of its potential involvement during barrelette map formation.
Here, we found that ectopicmaintenance ofHoxa2 expression
in r2-derived dPrV neurons is sufficient to ectopically attract
whisker-related primary sensory afferents at the expense of
mandibular afferents and results in vPrV-like asymmetrical
dendrite arbors in dPrV neurons and ectopic barrelette map for-
mation. Moreover, we show that in wild-type animals the
thalamic prenatal barreloid area receives overlapping inputs
from both vPrV and dPrV axons; in turn, the infraorbital nerve
(ION) relaying whisker input is required to drive perinatal large-
scale mandibular dPrV axon terminal pruning, resulting in post-
natal maintenance of only vPrV whisker-related barrelette input
and barreloid formation. Hoxa2 expression in dPrV neurons is
sufficient to drive topographically directed dPrV axon targeting
to the barreloid forming dorsal VPM thalamus, where they are
maintained postnatally and refine with vPrV axons into a single
barreloid map. Furthermore, Hoxa2 expression in postmitotic
neurons is sufficient to drive the above changes in dPrV neurons.
Finally, we show that Ezh2 is normally required for epigenetic784 Cell Reports 13, 783–797, October 27, 2015 ª2015 The Authorsrepression of Hoxa2 in postmitotic dPrV neurons, thus prevent-
ing barrelette circuit formation and allowing mandibular circuit
development. Hoxa2 is therefore a key gene able to switch
dPrV to vPrV barrelette neuron subtype identity and orches-
trating topographic barrelette connectivity and map formation.
RESULTS
Hoxa2 Expression Is Maintained in Barrelette but Not
dPrV Postmitotic Neurons
To analyze Hoxa2 expression during early PrV development, we
carried out in situ hybridization on adjacent coronal sections at
E10.5 (Figures S1A–S1F) and E11.5 (Figures S1G–S1L) using
antisense probes for Hoxa2 and the postmitotic marker Drg11
(Ding et al., 2003). In the brainstem trigeminal sensory column,
Drg11 is expressed in postmitotic cells of the developing PrV,
as well as in the SpV pars oralis (SpVo) and pars caudalis
(SpVc) that do not project to VPM, but not in the SpV pars inter-
polaris (SpVi), and its expression is maintained throughout pre-
natal and postnatal stages (Ding et al., 2003). At E10.5, Drg11+
postmitotic cells first emerged from the ventricular zone of pre-
sumptive dPrV (Figure S1A) and vPrV (Figure S1D) (Ding et al.,
2003). Hoxa2 expression was present in both dPrV and vPrV
Figure 2. Hoxa2 Expression in PrV Barrelette Neurons
(A) Drawing illustrating C2 whisker afferent labeling by dextran injection and legend referring to corresponding experimental panels.
(B–E) ZsGreen immunostaining in P7Drg11zsGreenmice showing PrV, SpVo, and SpVc, but not SpVic, trigeminal nuclei labeling. Trigeminal subdivisions identified
by dextran-labeled C2 afferents targeting (red). Input detected in ventral PrV (barrelette-like) but not dorsal PrV (B), SpVo (sparse) (C), SpVic (barrelette-like) (D),
and SpVc (barrelette-like) (E). Scale bars, 200 mm.
(F and G) Coronal sections through E12.5 PrV of Drg11ZsGreen mouse. Anti-ZsGreen (green) and anti-Tuj1 neuronal marker immunostainings show Drg11-driven
Cre-mediated recombination only in postmitotic neurons. DAPI stains cell nuclei. Scale bars, 100 mm.
(H) Coronal section through a P7 barrelette inDrg11Hoxa2::KIEGFP vPrV. Dextran-labeled C2whisker primary afferents (red) are surrounded byHoxa2-driven EGFP-
expressing barrelette cells (green). Hoxa2-dependent EGFP expression was induced upon Drg11-driven Cre-mediated excision. Scale bar, 20 mm.
(I–K) Coronal section through dorsal VPM thalamus in P7 Drg11Hoxa2::KIEGFP animal. The barreloid map is visualized by EGFP+ axon terminals (green) (I) from the
Hoxa2-expressing barrelette cells in (H). (J and K) Magnified barreloid showing overlapping (yellow, merge in K) of Hoxa2+/EGFP+ (green) (J) and vGluT2+ (red)
presynaptic terminals. PrV, principal trigeminal nucleus; SpVo, spinal nucleus, oralis division; SpVic, spinal nucleus, caudal part of interpolaris division; SpVc,
spinal nucleus, caudalis division; VPM, ventral posterior medial nucleus. Scale bars, 100 mm (I), 20 mm (J and K).
See also Figure S1.progenitor domains, albeit with lower levels in dPrV, but only
maintained in Drg11+ vPrV postmitotic cells whereas it was
silenced in Drg11+ dPrV cells (compare Figures S1B and S1C
and S1E and S1F, and S1H and S1I and S1K and S1L).
TomapHoxa2 expression inDrg11-expressing barrelette neu-
rons in vPrVwe used a genetic intersectional strategy.We gener-
ated a Drg11::Cre BAC transgenic line and crossed it with the
Cre-inducible reporter lines R26RlacZ (Soriano, 1999) (hereafter
referred to as Drg11lacZ) and R26RZsGreen (referred to as
Drg11ZsGreen). The reporter expression reproduced, albeit with
some mosaicism, the endogenous Drg11 expression pattern
(Figures 2B–2E and S2A–S2D). In the brainstem, the distinctCdPrV, vPrV, SpVo, and SpVcDrg11+ subnuclei were further iden-
tified at P7 based on the targeting pattern of single (C2) whisker-
related, dextran-labeled, primary afferents. Namely, vPrV and
SpVc Drg11ZsGreen neurons were targeted by C2 collaterals
organized in a barrelette pattern whereas dPrVDrg11ZsGreen neu-
rons did not receive whisker-related input (Figures 2B–2E), and
SpVo only sparse C2-related collaterals (Figure 2C). The SpVi
caudal part (SpVic), as mapped by the C2 barrelette, did not
contain Drg11ZsGreen neurons (Figure 2D). Importantly, ZsGreen+
or LacZ+ cells were only present in postmitotic neurons and
never found at any stage in the progenitor domain, as assessed
by co-staining with the postmitotic neuronal marker TUJ1ell Reports 13, 783–797, October 27, 2015 ª2015 The Authors 785
Figure 3. Hoxa2 Expression in Dorsal PrV Attracts Whisker-specific Afferents at Late Prenatal Stage at the Expense of Mandibular Input
(A) Drawings illustrating DTR injections to label C2 whisker (red) and dextran Alexa488 (DA488) injections to label mandibular (green) afferents. Legend refers to
experimental panels; dextran labeling is detected by direct fluorescence.
(B and C) dPrV coronal sections immunostained for mGFP (green) showing ectopic barrelette-like input by C2 whisker dextran-labeled afferents (arrows, red) in
(C); no input (asterisks) is present in controls (B). P7 r2mGFP-lacZ mice (B). r2Hoxa2-IRES-EGFP;mGFP-lacZ mice (C). Scale bars, 100 mm.
(D and E) PrV section 3D reconstruction showing ectopic barrette-like C2 whisker dextran-labeled afferents (red, arrows) into dPrV immunostained for mGFP
(green) in (E), co-extensive with the vPrV C2 barrelette (arrowhead), as compared to (D). P7 r2mGFP-lacZ mice (D). r2Hoxa2-IRES-EGFP;mGFP-lacZ mice (E). Scale bars,
200 mm.
(F–H) Mandibular (Md) dextran-labeled afferents target dPrV (LacZ staining, blue) in (F), whereas Md input is much reduced (asterisks) in (G); quantification in (H).
In (F) and (G), discrimination between green dextran and mGFP signals is achieved as dextran labeling provides a bright and spatially restricted signal in direct
fluorescence, whereas the mGFP signal can only be detected by antibody staining in these mice. The extent of r2-derived dPrV territory is detected by Xgal
staining (blue). P7 r2mGFP-lacZ mice (F). r2Hoxa2-IRES-EGFP;mGFP-lacZ mice (G). Scale bars, 100 mm.
(I) Summary drawing of findings in (B)–(H).
(legend continued on next page)
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(Figures 2F and 2G). We next crossed Drg11::Cre with the
Hoxa2EGFP(lox–neo–lox) knockin allele (Pasqualetti et al., 2002)
expressing EGFP from the Hoxa2 locus upon Cre-mediated
recombination (referred to as Drg11Hoxa2::KIEGFP). In P7
Drg11Hoxa2::KIEGFP vPrV, we readily identified individual Hoxa2/
EGFP+ barrelette neurons by their projection to VPM barreloids
(Figures 2I–2K) and their innervation by single whisker-related,
dextran-labeled, primary afferents (Figure 2H).
Ectopic Hoxa2 Expression in dPrV Is Sufficient
to Generate an Ectopic Barrelette Map at the Expense
of Mandibular Input
We then asked whether ectopic maintenance of Hoxa2 expres-
sion in dPrV neurons was sufficient for them to switch to a
vPrV-specific barrelette program. To this aim, we conditionally
expressed Hoxa2 by crossing the r2::Cre driver (Experimental
Procedures; Figures S2I–S2M) (Ren et al., 2002) with the
ROSA::(lox-stop-lox)Hoxa2-IRES-EGFP knock-in allele (Miguez
et al., 2012) (referred to as r2Hoxa2-IRES-EGFP). The r2::Cre driver
allows Cre-mediated recombination of floxed alleles in r2 mitotic
progenitors (Ren et al., 2002) (Figure S2J). When mated to Cre-
inducible floxed reporter alleles, as for instance R26RZsGreen
(r2ZsGreen) or Tau(lox-stop-lox)mGFP-IRES-NLSlacZ (Hippenmeyer et al.,
2005) (r2mGFP-lacZ), reporter expression is maintained through
postnatal stages in the r2-derived postmitotic progeny including
dPrV neurons, as assessed by their afferent connectivity and tar-
geting pattern of projections into VPM thalamus (Figures 3, 6,
and S2) (Oury et al., 2006), whereas no recombination is
observed in the trigeminal ganglion (Figure S2K). Similarly, in
r2Hoxa2-IRES-EGFPmice ectopicHoxa2 expression wasmaintained
by the ROSA promoter in the postmitotic r2-derived progeny,
including dPrV, through postnatal stages as detected by EGFP
antibody immunostaining (as a proxy for HOXA2) and Hoxa2
in situ hybridization (Figures 4D and 5D).
Next, we assessed the targeting patterns of dextran-labeled
mandibular and whisker primary sensory afferents into the
dPrV of control r2mGFP-lacZ and r2Hoxa2-IRES-EGFPmice. To identify
the r2-derived dPrV territory in Hoxa2-expressing mice, we
mated r2Hoxa2-IRES-EGFP to Tau(lox-stop-lox)mGFP-IRES-NLSlacZ (Hip-
penmeyer et al., 2005) (referred to as r2Hoxa2-IRES-EGFP;mGFP-lacZ)
and either stained for beta-galactosidase or took advantage of
the differences in cellular staining between the EGFP from the
Hoxa2-IRES-EGFP allele and the membrane-expressed GFP
from the mGFP-lacZ allele. In P7 control r2mGFP-lacZ mice
(n = 10), dPrV was targeted by dextran-labeled mandibular
(Md) (Figures 3A, 3F, and 3H) although not whisker-specific affer-
ents (Figures 3A, 3B, 3D, and 3I), confirming previous work (Oury
et al., 2006). Notably, in P7 r2Hoxa2-IRES-EGFP;mGFP-lacZ animals
(n = 10) single-whisker (C2) afferent input ectopically innervated
the dPrV territory (Figures 3A, 3C, 3E, and 3I), at the expense of
Md afferent input that was strongly reduced (compare Figures 3F(J–M) NeuroVue-labeled maxillary (Mx, red) and Md (green) afferent targeting of
r2Hoxa2-IRES-EGFP (K andM) specimen. Note normal afferent segregation patterns in
100 mm.
(N) Summary drawing of findings in (J)–(M). dPrV, dorsal principal trigeminal nucleu
progeny.
See also Figure S2.
Cand 3G and 3I, quantifications in 3H). C2 whisker afferent collat-
erals were clustered and surrounded by EGFP+ cells (Figures 4A
and 4D) that provided a postnatal readout of the Hoxa2-IRES-
EGFP allele expression.
Moreover, simultaneous tracingswith distinct fluorescent dex-
trans of afferents innervating adjacent whiskers in the same (C2
and C3) or distinct (C2 and D2) rows on the mouse face revealed
that presynaptic terminals in dPrV of r2Hoxa2-IRES-EGFP P7 mice
segregated into ectopic barrelette-like columns at distinct posi-
tions (Figures 4B, 4C, 4E, 4F, and 4K), establishing an ectopic
topographic map similar to that normally observed in vPrV (Fig-
ures 4G and 4H) and SpV (Figures 4I and 4J). 3D-reconstruction
of tissue sections further revealed that the ectopic barrelette col-
umns of whisker-related afferents in dPrV were co-extensive
with the vPrV barrelette columns rather than forming an indepen-
dent duplicated barrelette set (compare Figures 3D and 3E
and 4K).
Late Onset of Ectopic Whisker Afferent Input in dPrV
of r2Hoxa2-IRES-EGFP Mice
To address the timing of onset of ectopic whisker afferent target-
ing of dPrV, we investigated prenatal stages. Unlike at P7, at
E14.5 and E16.5 NeuroVue tracing of mandibular (Md) and
whisker-related maxillary (Mx) afferents revealed largely normal
segregated patterns of collateral targeting in dPrV and vPrV of
r2Hoxa2-IRES-EGFP fetuses (n = 6 per stage), respectively, as
compared to wild-type (Figures 3J–3N) (Oury et al., 2006). In
two out of six E16.5 r2Hoxa2-IRES-EGFP fetuses, very fewMx collat-
erals appeared to have entered the dPrV territory and overlap-
pedwithMd input (asterisk, Figure 3M). As theMx afferent collat-
eral targeting of vPrV neurons occurs with normal schedule
(Figures 3J–3M), these findings indicate that it is the late persis-
tence of Hoxa2 expression in postmitotic dPrV neurons rather
than its early overexpression in mitotic progenitors to drive
ectopic whisker-related afferent targeting of dPrV (see below,
and Figure 6). In further support of this interpretation, Md input
appears largely normal up to at least E16.5 (Figures 3K–3M),
whereas it is strongly reduced at P7 (Figures 3G–3I).
Thus, the accumulation of ectopicHoxa2 expression becomes
sufficient to attract the bulk of whisker-related afferents onto
dPrV neurons only during late prenatal-early postnatal stages, al-
lowing organization into an ectopic topographic barrelette map.
TVA/EnvACell-Specific Viral Tracing andDendrite Arbor
3D Analysis Reveal Barrelette Neuron-like Features
of Ectopic Hoxa2-Expressing dPrV Neurons
Next, we wished to assess whether the generation of a whisker
afferent map in dPrV would be accompanied by specific
changes in post-synaptic dPrV neurons. To this aim, we first car-
ried out in situ hybridization with an antisense probe for Btbd3,
an activity-dependent factor controlling dendrite asymmetricdPrV and vPrV at E14.5 (J and K) and E16.5 (L and M) in control (J and L) and
(J) and (K). Asterisk (M) shows some ectopicMx collaterals in dPrV. Scale bars,
s; vPrV, ventral principal trigeminal nucleus; r1p-r3p, rhombomere 1–3-derived
ell Reports 13, 783–797, October 27, 2015 ª2015 The Authors 787
Figure 4. Hoxa2 Expression in Dorsal PrV Is Sufficient to Generate an Ectopic Topographic Barrelette Map
(A–C) Drawings illustrating dextran injections to trace C2 (A), C2 and C3 (B), and C2 and D2 (C) whisker afferents in P7 r2Hoxa2-IRES-EGFP animals. DTR and dextran
Alexa488 (DA488) were used to label C2 (red) and C3 and D2 (green) whisker afferents, respectively.
(D–J) Dextran-labeled whisker-specific afferents detected by direct fluorescence targeting dPrV (D–F), vPrV (G–H), and SpV (I–J) in P7 r2Hoxa2-IRES-EGFP animals.
(D) Oblique section showing ectopic barrelette-like C2 column surrounded by immunostained EGFP+ (green, arrows) ectopicHoxa2-expressing cells. (E, G, and I)
C2 (red, arrowhead) and C3 (green, arrow), (F, H, and J) C2 (red, arrowhead) and D2 (green, arrow) barrelette-forming afferents in dPrV (ectopic) (E and F), vPrV
(G and H), and SpV (I and J). In (E)–(J), discrimination between green dextran and EGFP signals is achieved as dextran labeling provides a bright and spatially
restricted signal in direct fluorescence, whereas the EGFP signal can only be detected by antibody staining in thesemice (D). Scale bars, 100 mm (D), 50 mm (E–J).
(K) Summary drawing showing ectopic barrelette map formation (red or red and green) upon ectopicHoxa2 expression in r2-derived dPrV neurons. Legends refer
to experimental panels. dPrV, dorsal principal trigeminal nucleus; vPrV, ventral principal trigeminal nucleus; SpV, spinal trigeminal nucleus.
See also Figure S2.orientation and remodeling during formation of cortical barrels
(Matsui et al., 2013). Interestingly, we found that in control P3 an-
imals Btbd3 is expressed at the brainstem level in vPrV, although
not SpV, barrelettes (Figures 5G and 5I) suggesting PrV versus
SpV-specific rostrocaudal differences along the brainstem tri-
geminal column in the molecular programs of barrelette neuron
subtypes. In dPrV, as identified by Drg11 and lack of Hoxa2
expression on adjacent sections (Figures 5A and 5C), Btbd3
transcript distribution appeared diffuse and not clearly organized
in neuronal modules as in vPrV (Figure 5E). Notably, in the
r2Hoxa2-IRES-EGFP dPrV (n = 6) (Figures 5B and 5D) Btbd3 tran-
scripts appeared to be organized in an ectopic barrelette-like788 Cell Reports 13, 783–797, October 27, 2015 ª2015 The Authorspattern (compare Figures 5E and 5F), suggesting barrelette-
like dendrite changes in dPrV neurons.
We therefore compared the dendrite patterns of VPM-projec-
ting vPrV barrelette and dPrV neurons in control and ectopic
Hoxa2 expressing mice (Figures 5K–5R and S3A–S3L). To trace
vPrV barrelette neurons, we stereotaxically injected the SAD-
DG-mCherry rabies virus (Osakada et al., 2011) in dorsal VPM
of P8 wild-type mice and analyzed retrogradely labeled barre-
lette neurons in vPrV at P12. Infected neurons expressed
mCherry allowing 3D morphometric analysis of their dendrite ar-
bors. Barrelette neurons displayed dendrites with short
branches asymmetrically oriented toward the barrelette hollow
(Figures 5O–5R and S3I–S3L), confirming previous work (Lee
et al., 2005).
Both vPrV and dPrV neurons project to the VPM thalamus
(Oury et al., 2006; reviewed in Erzurumlu et al., 2010; see below).
To selectively retrogradely trace only r2-derived dPrV projecting
neurons, we used the TVA/EnvA cell-type-specific viral infection
system (Beier et al., 2011; Osakada and Callaway, 2013) and
generated r2::Cre;LSL-R26TVA-lacZ (referred to as r2TVA-lacZ)
and r2Hoxa2-IRES-EGFP;LSL-R26TVA-lacZ (r2Hoxa2-IRES-EGFP;TVA-lacZ)
mice. Following injection of the EnvA-pseudotyped G-deleted
mCherry rabies virus in the P8 r2TVA-lacZ VPM, only the axons
of r2-derived TVA-expressing VPM-projecting neurons were
selectively infected. At P12, the vast majority of retrogradely
mCherry-labeled TVA-expressing neurons within the r2-derived
territory were localized in dPrV (Figures S4A–S4C) and displayed
dendrites with a wide range of branch orientations and longer
lengths than barrelette neurons (Figures 5K, 5L, 5Q, 5R, and
S3A–S3D). Notably, the dendrite arbors of VPM-projecting neu-
rons in r2Hoxa2-IRES-EGFP;TVA-LacZ mice appeared ‘‘barrelette-like’’
i.e., relatively short and asymmetrically oriented (Figures 5M, 5N,
5Q, 5R, and S3E–S3H), similar to vPrV barrelette neurons
(compare with Figures 5O–5R and S3I–S3L).
Together with the analysis of the targeting patterns of whisker
primary sensory afferents (Figures 3 and 4), the latter results
show that ectopicHoxa2 expression in dPrV neurons is sufficient
to orchestrate pre- and post-synaptic changes resulting in the
formation of a vPrV-like barrelette map.
ION-Dependent Perinatal Large-Scale Pruning of dPrV
Mandibular Axons in the Thalamic Barreloid Area
Analysis of r2-derived dPrV and r3-derived vPrV projection pat-
terns indicated spatial segregation of mandibular (lower jaw)
and whisker-related axonal projection zones into postnatal
VPM (Oury et al., 2006). To simultaneously visualize dPrV and
vPrV axon terminals into VPM, we generated the r2::mCherry
(referred to as r2mCherry) transgenic line (Figures S2E–S2H),
expressing the red fluorescent protein mCherry in r2 derivatives,
including dPrV neurons (Figure S2G) and axon terminals
(Figures 6A, 6C, 6D, and 6F), and crossed it with Krox20::Cre;
Tau(lox-stop-lox)mGFP-IRES-NLSlacZ (referred to as r3mGFP) mice allow-
ing to trace r3-derived vPrV axon terminals by mGFP expression
(Figures 6B, 6C, 6E, 6F, 6O, and 6P). In P7 r2mCherry;r3mGFPmice,
dPrV mCherry+ and vPrV mGFP+ axon terminal distribution in
VPM was mutually exclusive (Figures 6F and 6K). vPrV mGFP+
terminals selectively targeted the dorsolateral VPM and clus-
tered in barreloid hollows, whereas dPrVmCherry+ axons mostly
targeted the ventromedial VPM including the lower jaw area
(VPMLJ) and a dorsolateral domain excluding barreloids and
bordering the posterior (PoM) nucleus (Figure 6F), confirming
previous work (Oury et al., 2006).
Moreover, sparse mCherry+ terminals in the P7 barreloid area
(Figure 6D, arrows; see also Figures 6H and 6L) suggested the
presence of remnants of large-scale elimination of mandibular
dPrV axon branches from the whisker-related vPrV projection
area. At P0, mGFP+ axons selectively projected to the dorsal
VPM (Figures 6B, 6C, and 6K), similar to postnatal stages, indi-
cating topographically directed vPrV targeting to the future bar-
reloid area. In contrast, at P0, unlike at P7, dPrV mCherry+ axonsCtargeted the entire VPM dorsoventral extent overlapping with
vPrV mGFP+ axons in the future barreloid territory (Figures 6A,
6C, 6K; see also Figures 6G and 6R), despite segregation of
dPrV and vPrV neurons at brainstem level (Figure S2G) (Oury
et al., 2006). Therefore, most of dPrV projections are eliminated
from the future barreloid area at early postnatal stages.
To address whether the maxillary nerve carrying whisker sen-
sory information plays a role in thalamic input pruning, we
induced unilateral whisker input deprivation in r2mGFP-lacZ mice
by a neonatal (P0) lesion of the infraorbital nerve (ION). ION le-
sions were carried out immediately at birth, as the bulk of dPrV
axon terminals in dorsal VPM were eliminated quite rapidly peri-
natally. In P7 sensory deprived mice, vPrV vGluT2+ axon termi-
nals contralateral to the lesion targeted the dorsal VPM but
were not clustered in barreloid modules (Figures 6I, 6K, and
6P), in keeping with previous work (reviewed in Erzurumlu and
Gaspar, 2012). Interestingly, mandibular dPrV mGFP+ axon ter-
minals were not eliminated and overlapped with vPrV vGluT2+
terminals in dorsal VPM (Figures 6J and 6K), unlike in the unde-
prived side (Figures 6H and 6K).
Thus, in addition to its involvement in the emergence of barre-
loid pattern, we found that ION-dependent activity and/or retro-
grade molecular signaling from periphery is required for the
elimination of non-vPrV axons from the VPM barreloid area.
Hoxa2 Is Sufficient to Drive Topographically Directed
Axon Targeting to the Barreloid Area and Allow
ION-Dependent Refinement into a Barreloid Map
We next asked whether Hoxa2 is sufficient to drive topographi-
cally guided PrV axon targeting to the barreloid area. Unlike
the normal pattern of dPrV projections (Figures 6D, 6H, 6L, and
6X), in P7 r2Hoxa2-IRES-EGFP mice the ventromedial lower jaw
VPM (VPMLJ) area was mostly devoid of EGFP+ afferents while
axon terminals from dPrVHoxa2+ ectopic barrelettes weremain-
tained in dorsal VPM and segregated into barreloids (Figures 6M
and 6X). Notably, EGFP+ dPrV axon targeting was mostly
spatially restricted to the developing barreloid area already at
P0 (Figures 6N and 6X), a pattern similar to the vPrV projections
(Figure 6B). In P7 r2Hoxa2-IRES-EGFP barreloids, we detected both
vGluT2+/EGFP+ and vGluT2+/EGFP pre-synaptic terminals
(Figure 6Q, arrows). NeuroVue anterograde tracings (n = 4)
showed that individual barreloids were targeted both by dPrV
(arrowhead) and vPrV (arrow) axon terminals (Figures S5D–
S5H), unlike in wild-type (n = 4) (Figures S5A–S5C). In
r2Hoxa2-IRES-EGFP animals, clustering of vGluT2+/EGFP+ terminals
into barreloid modules was impaired after a neonatal (P0) lesion
of the ION (Figures 6N and 6X), indicating that it requireswhisker-
related activity and/or retrograde molecular signaling from
periphery.
Expression of Hoxa2 in Postmitotic dPrV Neurons Is
Sufficient to Induce Barrelette Neuron-like Connectivity
The use of the r2::Cre driver allows regional specificity driving
Hoxa2 ectopic expression selectively in r2 derivatives, including
dPrV mitotic progenitors and postmitotic neurons. The prenatal
analysis suggested that the late persistence ofHoxa2 expression
in postmitotic dPrV neurons through early postnatal stages may
be sufficient to drive whisker-related vPrV-like connectivity ofell Reports 13, 783–797, October 27, 2015 ª2015 The Authors 789
Figure 5. Ectopic Hoxa2 Results in Btbd3 Expression and Barrelette-like Dendrite Patterns in dPrV Neurons Projecting to VPM Thalamus
(A–J) In situ hybridization with Drg11 (A and B), Hoxa2 (C and D), and Btbd3 (E–J) antisense probes on coronal sections of dPrV (A–F), vPrV (G and H), and SpV
(I and J) in control (A, C, E, G, and I) and r2Hoxa2-IRES-EGFP (B, D, F, H, and J) P3 animals. Note barrelette-like patterns ofBtbd3 expression in (G), (H) and (F) although
not in (E), (I), and (J). Scale bars, 100 mm.
(legend continued on next page)
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dPrV neurons. On the other hand, a caveat is that Hoxa2 ectopic
expression is obtained in a larger cell population than just dPrV
neurons, as the r2::Cre line does not allow cell specificity.
To achieve postmitotic expression in PrV neurons, we mated
the Drg11::Cre with the ROSA::(lox-stop-lox)Hoxa2-IRES-EGFP
allele (referred to as Drg11Hoxa2-IRES-EGFP). Although the
Drg11::Cre driver acts on both vPrV and dPrV, the vPrV already
expresses Hoxa2, so effectively is ectopic only in dPrV. Indeed,
in Drg11Hoxa2-IRES-EGFP specimen (n = 8), C2 whisker dextran-
labeled afferents ectopically innervated the dPrV, unlike in
control Drg11ZsGreen mice (Figures 6T and 6X), and segregated
in barrelette-like structures (Figures 6V and 6X) similar to
r2Hoxa2-IRES-EGFP mice (Figures 3C and 4D). The r2::Cre line
does not drive expression in trigeminal ganglion sensory neu-
rons, unlike the Drg11::Cre line (compare Figures S2K and
S2B). Thus, these findings strongly indicate that the ectopic bar-
relette-like clustering of whisker afferents inDrg11Hoxa2-IRES-EGFP
dPrV ismainly the result of ectopicHoxa2 expression in dPrV neu-
rons. Moreover, in the P7 VPM thalamus of Drg11Hoxa2-IRES-EGFP
mice, very few, if any, EGFP+ axon terminals were found in the
lower jaw representation area (Figures 6W and 6X), as compared
to Drg11ZsGreen control mice (Figures 6U and 6X). The bulk of
EGFP+ afferents targeted the dorsal VPM and segregated into
barreloids, similar to r2Hoxa2-IRES-EGFP mice (compare Figures
6W and 6M).
In summary, the only expression of Hoxa2 in postmitotic dPrV
neurons is sufficient to induce a barrelette neuron vPrV-like con-
nectivity pattern. These findings complement the results ob-
tained with the r2::Cre driver and further support the conclusion
that persistent Hoxa2 postmitotic expression is sufficient to
switch dPrV mitotic progenitor into vPrV barrelette neuron sub-
type identity.
Maintenance of Hoxa2 Silencing in Postmitotic dPrV
Neurons Requires Epigenetic Repression by Ezh2
Hoxa2 expression is normally switched off and maintained
silenced only in dPrV, but not vPrV, postmitotic neurons (Figures
S1A–S1L). To gain insights into the mechanism of maintenance
of repression at the Hoxa2 locus in dPrV neurons, we analyzed
the potential involvement of the histone methyltransferase
Ezh2, a member of the Polycomb Repressive Complex 2
(PRC2), which is involved in epigenetic maintenance of gene
silencing by trimethylation of histone H3 at Lysine 27
(H3K27me3) (reviewed in Margueron and Reinberg, 2011).
To generate a conditional Ezh2 knockout in r2 derivatives,
including dPrV neurons, we crossed the r2::Cre with a floxed
Ezh2 allele (Puschendorf et al., 2008) and ROSA::(lox-stop-lox)
ZsGreen to trace neurons and their projections (referred to as
r2Ezh2cKO;ZsGreen). In E16.5 r2ZsGreen control fetuses, the Ezh2-
dependent H3K27m3 repressive mark was readily detected by
antibody immunostaining both in dPrV and vPrV (Figures 7A–(K–R) Examples of retrogradely traced dendrites of P12 dPrV (K and M) or vPrV (O
rabies viral infection in VPM thalamus of r2TVA-lacZ (K), r2Hoxa2-IRES-EGFP;TVA-lacZ (M)
showing dendrite symmetry and length. Note similar asymmetrical organization a
symmetry index (Q) and length (R). Neurons (13–20) for each condition were traced
trigeminal nucleus; vPrV, ventral principal trigeminal nucleus; SpV, spinal trigem
See also Figures S3 and S4.
C7C). In contrast, in r2Ezh2cKO;ZsGreen mutants (n = 3), H3K27me3
antibody staining was significantly reduced in dPrV and r2-
derived territory (asterisk, Figures 7D–7F). In P7 r2Ezh2cKO;ZsGreen
mutants, dextran-labeled single whisker (C2) afferent inputs (Fig-
ure 7G) were ectopically attracted to dPrV (compare Figures 7H
and 7I), similar to r2Hoxa2-IRES-EGFP mice (Figures 3C and 4D) and
spatially clustered, even though with less precision than in
r2Hoxa2-IRES-EGFP mice. Moreover, r2Ezh2cKO;ZsGreen projections
were maintained in barreloid VPM (VPMbarreloid) and reduced in
lower jaw VPM areas (compare Figures 7K, 7J, and 7O), reminis-
cent of the r2Hoxa2-IRES-EGFP and Drg11Hoxa2-IRES-EGFP projection
patterns (compare Figures 7K, 6M, and 6W).
To address the actual depletion of the H3K27me3 mark at
the Hoxa2 locus in conditional r2Ezh2cKO;ZsGreen mutants, we
compared the in vivo distributions of the H3K27me3 repressive
mark at the Hoxa2 promoter by chromatin immunoprecipitation
(ChIP) of PrV neurons isolated by dissection and subsequent
fluorescence-activated cell sorting (FACS) from E13.5 r2ZsGreen
(control dPrV), Krox20::Cre;ROSA::(lox-stop-lox)ZsGreen
(r3ZsGreen) (control vPrV), and r2Ezh2cKO;ZsGreen conditional
knockout cells (cKO dPrV) (Figure 7L). The relative H3K27me3
enrichments correlated with the Hoxa2 transcriptional ‘‘on-off’’
state, namely low H3K27me3 in r3ZsGreen control vPrV as
opposed to high H3K27me3 in r2ZsGreen control dPrV cells (Fig-
ure 7M). In r2Ezh2cKO;ZsGreen mutant cells, we detected a signifi-
cant reduction of the H3K27me3 enrichment as compared to
r2ZsGreen control dPrV cells, similar to that of r3ZsGreen control
vPrV (compare panels in Figure 7M). These changes in chromatin
organization at the Hoxa2 locus in E13.5 r2Ezh2cKO;ZsGreenmutant
cells correlated with transcriptional de-repression of Hoxa2,
showing about 9-fold increase of Hoxa2 expression in mutant
r2Ezh2cKO;ZsGreen versus control r2ZsGreen cells as assessed by
qPCR (Figure 7N). Ectopic expression of Hoxa2 was also readily
detected by in situ hybridization in the E12.5 r2Ezh2cKO dPrV
(compare Figures S6F and S6H, arrowheads).
How can Ezh2 contribute to the maintenance of Hoxa2
silencing in dPrV but not vPrV postmitotic neurons? One possi-
bility could be that Ezh2 is differentially expressed between
dPrV and vPrV progenitors. To this aim, we analyzed the Ezh2
expression pattern by in situ hybridization. At E12.5, we found
alternating higher and lower expression domains of Ezh2 in the
ventricular zone of the rostral hindbrain (Figures S6C and S6D).
Moreover, Ezh2 appeared to display higher expression in the
dPrV than in the vPrV progenitor domains, in particular in the
area where Drg11+ neurons accumulate just before migration
(Figures S6A, S6B, and arrowheads in S6C and S6D). Different
Ezh2 expression levels might contribute to the differences in
relative H3K27me3 enrichments at the Hoxa2 promoter
observed in dPrV versus vPrV cells (Figure 7M).
In summary, Ezh2 has an important role in maintaining Hoxa2
silencing in dPrV postmitotic neurons and preventing barrelette) projection neurons by EnvA-DG-mCherry (K and M) or SAD-DG-mCherry (O)
, and control (O) animals with their corresponding polar histograms (L, N, and P)
nd length of dendrites in (M) and (O). (Q and R) Quantitative analysis of dendrite
. Statistical analysis details in Experimental Procedures. dPrV, dorsal principal
inal nucleus.
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circuit formation during facial somatosensory circuit
development.
DISCUSSION
Intrinsic versus input-driven molecular mechanisms of somato-
sensory map formation have been mainly investigated at thala-
mocortical level (reviewed in O’Leary et al., 2007; Sur and Ru-
benstein, 2005) whereas little is still known about the molecular
control of whisker-related barrelette formation and circuitry. By
a genetic gain-of-function approach, we show that the expres-
sion of a single HOX transcription factor, HOXA2, in postmitotic
dPrV neurons is sufficient to switch dPrV into vPrV barrelette
neuron identity and connectivity program (Figure S7).
Ectopic Hoxa2-expressing dPrV neurons share several
connectivity features with vPrV barrelette neurons. Both the
r2Hoxa2-IRES-EGFP dPrV and vPrV neurons prenatally target the
dorsolateral VPM with topographic precision (Figures 6B and
6S). This is a key step that genetically pre-defines the future bar-
reloid area, unique to vPrV projection neurons, which may be in
part achieved by Hoxa2-dependent transcriptional regulation of
Eph receptor/ephrin ligand family members (Oury et al., 2006).
Both the r2Hoxa2-IRES-EGFPdPrVandvPrVaxon terminals aremain-
tained postnatally in the barreloid area and refined by whisker-
dependent activity during barreloid formation (Figures 6E and
6M–6P). At brainstem level, r2Hoxa2-IRES-EGFP dPrV neurons are
able to attract whisker-related input in a topographic manner,
induce expression of factors involved in dendrite orientation
(e.g.,Btdb3) and generate asymmetric dendrite arbors, and allow
activity-dependent afferent refinement to generatebarrelette-like
structures, similar to vPrV neurons (Figures 3, 4, and 5).
In r2Hoxa2-IRES-EGFP mice, whisker-related afferents did not
ectopically target the dPrV before E16.5 (Figures 3L and 3M).
The initial topographic targeting of vPrV and dPrV neurons by
whisker-related and mandibular nerve collaterals, respectively,
occurred normally (Figures 3J and 3K). This indicates that the
ability of Hoxa2-overexpressing dPrV neurons to ectopically
attract whisker afferents may require temporal accumulation of
HOXA2 in postmitotic neurons, in order to override initial dPrV
progenitor specification. Recent studies have shown that post-Figure 6. Perinatal Large-Scale Pruning of Mandibular dPrV Axons in
Neurons
(A–K) Ventral posterior medial (VPM) thalamus coronal sections showing dorsal P
and P7 (D–F and H–J) in r2mCherry/r3mGFP (A–F) and r2mGFP-LacZ (G–J) mice. At P0,
which are restricted to the future barreloid area (VPMbarreloid) (B). At P7, r2 and r3 pr
barreloids are not formed (asterisks, vGluT2 immunostaining) and r2 projections to
in (A)–(J). Legends refer to experimental panels. Scale bars, 100 mm (A–C and G
(L–P, R, and S) VPM thalamus coronal sections showing dPrV or vPrV axon termin
r2Hoxa2-IRES-EGFP (M and S). Similar to vPrV terminals (B), axons from Hoxa2-ex
barreloid area at P0 (S), with little contribution to ventromedial VPM lower jaw ar
nerve lesioning at P0 (N), similar to vPrV projections (P). Scale bars, 200 mm (L–P
(Q) vGluT2+/EGFP+ and vGluT2+/EGFP presynaptic axon terminals in single ba
(T and V) C2 dextran-labeled afferents (red) ectopically innervate dPrV of P7 Drg
control Drg11ZsGreen (T). Scale bars, 50 mm.
(U andW) P7 VPM thalamus coronal sections showing axon projections from trige
axonal terminals are restricted to the barreloid area (VPMbarreloid) unlike in (U). Sc
(X) Summary drawings of findings in (L)–(N), (S), and (T)–(W). Legends refer to exp
nucleus. r1p–r3p, rhombomere 1–3-derived progeny.
See also Figure S5.
Cmitotic neurons can be reprogrammed in vivo (De la Rossa
et al., 2013; Rouaux and Arlotta, 2013). In this respect, we further
show that in Drg11Hoxa2-IRES-EGFP mice the only expression of
Hoxa2 in postmitotic Drg11+ neurons is sufficient to select in
dPrV neurons a vPrV-like barrelette-specific input-output con-
nectivity program.
Moreover, as inferred by the Hoxa2 expression pattern and
molecular and anatomical analyses in r2Ezh2cKOmutants (Figures
7, S1, and S6), maintenance of Polycomb-dependent epigenetic
repression at the Hoxa2 locus in postmitotic dPrV neurons pre-
vents barrelette formation and whisker-related circuitry, allowing
mandibular sensory circuit development. While the elucidation of
the underlying mechanism will require further analysis, our re-
sults suggest that differential Ezh2-dependent silencing of target
genes in dPrV versus vPrV neurons might be in part due to
distinct Ezh2 expression levels in the two progenitor populations.
In this respect, it is noteworthy that Hox expression patterns
have been shown to be sensitive to absolute activity levels of
the PRC1 component BMI1 during motor neuron specification
(Golden and Dasen, 2012).
Hoxa2-dependent vPrV specification and topographically
directed axon targeting of dorsal VPM also provide a necessary
template for barreloid formation. In fact, unlike in PrV, where
mandibular and whisker-related peripheral inputs are spatially
segregated from the outset (Oury et al., 2006), we found that
the prenatal thalamic barreloid area receives overlapping inputs
from dPrV and vPrV axons. Furthermore, a lesion of the ION af-
fects both the refinement of vPrV inputs and the pruning of
dPrV inputs. Thus, ION-mediated activity and/or retrograde mo-
lecular signaling from periphery is (are) required for large-scale
thalamic somatotopic refinement, which removes most of the
non-vPrV projections from the vPrV-targeted perspective barre-
loid area. Residual non-vPrV axon terminals may be then cleared
from the barreloid area through late phases of synaptic elimina-
tion (Takeuchi et al., 2014). It will be interesting to investigate the
impact of this competition between vPrV and non-vPrV projec-
tions on the whisker activity-dependent critical period of barre-
loid map formation.
In the motor system, Hox genes confer diversity of moto-
neuron subtype identities necessary for fine discrimination ofthe Thalamic Barreloid Area Is Prevented in Hoxa2-Expressing dPrV
rV (dPrV) and/or ventral PrV (vPrV) axon terminal projections at P0 (A–C and G)
r2 axons (red) target the whole VPM (A) and overlap r3 projections (green) (C),
ojections are segregated (D–F). Following infraorbital (ION) nerve lesion at P0 (I),
the barreloid area are not pruned (arrows) (J). (K) Summary drawings of findings
), 200 mm (D–F and H–J).
als at P7 (L, M, and O) and P0 (R and S) in r2mGFP-LacZ (L and R), r3mGFP (O), and
pressing r2-derived dPrV neurons are topographically directed to the future
ea (VPMLJ), and segregate into barreloids (arrows, M) unless infraorbital (ION)
), 100 mm (R and S).
rreloids of P7 r2Hoxa2-IRES-EGFP VPM. Scale bar, 25 mm.
11Hoxa2-IRES-EGFP animals (V), segregating in a barrelette-like cluster, unlike in
minal brainstem nuclei of Drg11ZsGreen (U) and Drg11Hoxa2-IRES-EGFP (W). In (W),
ale bars, 200 mm.
erimental panels. VPL, ventral posterior lateral nucleus; PoM, posterior medial
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Figure 7. Silencing of Hoxa2 in Postmitotic dPrV Neurons Requires Epigenetic Repression by Ezh2
(A–F) Coronal sections through E16.5 PrV of r2ZsGreen and r2Ezh2cKO;ZsGreen fetuses. Anti-H3K27me3 immunostaining (B and E) showing strong reduction of this
mark in r2Ezh2cKO;ZsGreen (asterisk, E) upon Ezh2 deletion in the r2-derived domain including dPrV. ZsGreen staining identifies r2-derived territory in (A), (C), (D), and
(F). Scale bars, 100 mm.
(G) Drawing illustrating dextran injection site to label C2 whisker (red) afferents.
(H and I) C2 dextran-labeled afferents (red) ectopically innervate dPrV of P7 r2Ezh2cKO;ZsGreen (I) as compared to control r2ZsGreen (H). The input segregates in
barrelette-like clusters (dashed circles and arrows). Note that targeting precision of C2 afferents is lower in (I) than in Figures 2M and 3C. In (H) and (I), anti-
ZsGreen staining identifies r2-derived dPrV cells. Scale bars, 100 mm.
(J and K) dPrV projections are maintained in barreloid VPM (arrows) and reduced in lower jaw VPM areas in r2Ezh2cKO;ZsGreen (K) as compared to control r2ZsGreen
(J). Scale bars, 200 mm.
(L and M) Representative FACS profiles of ZsGreen+ isolated cells from E13.5 r2ZsGreen, r2Ezh2cKO;ZsGreen, and r3ZsGreen brains. Blue rectangles in the three panels
identify the sorted populations. (M) Profiles of the repressive Ezh2-dependent H3K27me3 mark obtained by ChIP of the Hoxa2 promoter carried out on the
(legend continued on next page)
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muscle-specific innervation (Dasen and Jessell, 2009; Philippi-
dou and Dasen, 2013), whereas less information is available
about Hox-dependent organization of premotor input (S€urmeli
et al., 2011). In the somatosensory trigeminal brainstem, Hoxa2
selects barrelette neuron identity in PrV nucleus and orchestrates
the input-output connectivityof adermatome-specific (i.e.,maxil-
lary) circuitmodule ultimately relayingwhisker-relatedperception
from periphery to brainstem to thalamus. Expression of Hoxa2 is
sufficient for topographic coordination of whisker-specific
afferent and efferent connectivity of PrV neuron subsets and
establishment ofwhisker-relatedbarrelettepattern.While studies
in the last years have identified neuronal molecular distinctions in
brainstem and spinal cord related to somatosensory modality or
laminar position, the HOXA2 transcription factor is required to
organize a somatosensory sub-circuit representing a specific
skin receptor area (dermatome). In this respect, HOX factors
may be key organizers of regional diversification of sub-circuits
underlying the assembly of a functional somatotopic body map.
EXPERIMENTAL PROCEDURES
Animals
All animal procedures were performed in accordance with institutional guide-
lines and were approved by the Veterinary Department of the Canton of Basel-
Stadt.
Generation of Mouse Lines
To generate the Drg11::Cre line, the BAC clone RP23-177H12 (BACPAC
Resources Center at Children’s Hospital Oakland Research Institute, Oakland,
CA) containing the entire Drg11 gene was used as a template for bacterial
recombination. Correct recombination and removal of the resistance gene in
the Drg11::Cre BAC were tested by PCR, restriction enzyme digestion and
sequencing. After microinjection into the pronuclei of mouse zygotes, two
founders were obtained that displayed the expected Cre expression pattern.
One founder was used for the study. To generate the r2::mCherry line, a
mCherry cassette (Clontech) was used to generate a pKS-b-globin-mCherry
plasmid. The BamH1 2.5 kb rhombomere 2-specific enhancer of Hoxa2
(Frasch et al., 1995) was then cloned in reverse orientation 50 of the b-globin
promoter, thus generating a final construct consisting of the r2-specific
enhancer, a b-globin minimal promoter, and mCherry encoding sequence.
The construct was linearized, purified, and microinjected into the pronuclei
of mouse zygotes. Founders were identified by PCR. One founder was used
for the study. Due to the progressive loss of Cre expression after many gener-
ations of crossings of a previous r2::Cre line (Ren et al., 2002), the original
r2::Cre DNA construct was reinjected into the pronuclei of mouse zygotes.
Two new founders were generated and selected to have a similar r2-specific
expression pattern as the previous transgenic r2::Cre line. One founder was
used for the study. The Ezh2fl/fl (Puschendorf et al., 2008) (a kind gift from
S.H. Orkin), LSL-R26Tva-lacZ (Seidler et al., 2008) (a kind gift from D. Saur),
Tau(lox- stop-lox)mGFP-IRES-NLSlacZ (Hippenmeyer et al., 2005) (a kind
gift from S. Arber), Hoxa2EGFP(lox–neo–lox) (Pasqualetti et al., 2002), ROSA::
(lox-stop-lox)Hoxa2-IRES-GFP (Miguez et al., 2012), and Krox20::Cre (Voicu-
lescu et al., 2000) lines were as described. R26RlacZ (Soriano, 1999) and
R26RZsGreen mice were obtained from Jackson Laboratory.
Histological Analysis, Immunostaining, and In Situ Hybridization
Prenatal or postnatal brains, dissected when necessary, were fixed in 4% PFA
diluted in PBS for 30 min to overnight. For cryostat coronal sections (25 mm),
tissues were cryoprotected in 10% sucrose/PBS and embedded in 7.5%isolated cell populations described in (L). H3K27me3 enrichment in r2Ezh2cKO;ZsGre
similar to that of r3ZsGreen (red). Data are represented as mean ± SEM (n = 3).
(N) qPCR showing fold change of Hoxa2 expression in ZsGreen+ from E13.5 cel
(O) Summary drawing of findings in (J), (K), and (N). r1p–r3p, rhombomere 1–3-d
medial nucleus.
See also Figure S6.
Cgelatin/10% sucrose/PBS and then frozen at 80C. Vibratome sections
(60 mm, or 30 mm for 3D reconstruction) were prepared from postnatal brains
after embedding in 4% agarose/0.1 M PBS (pH 7.4). Immunohistochemistry
was as described (Di Meglio et al., 2013). Sections were incubated overnight
at 4C with primary antibodies anti-VGluT2 (1:2,000, Millipore, AB2251),
anti-GFP (1:1,000), anti-RFP (1:1,000), anti-H3K27m3 (1:400), rinsed three
times in PBS and incubated for 60–90 min at room temperature with Alexa
Fluor 488- and/or 546-conjugated secondary antibodies (1:1,000, Invitrogen).
Nuclei were stained with DAPI (Invitrogen). In situ hybridization on coronal
cryostat sections was as described (Di Meglio et al., 2013). The following
probes were used:Drg11,Hoxa2, Hoxb2, Ezh2, andBtbd3 (a kind gift of T. Shi-
mogori). Figure S1 is an inverted artificial superposition of chromogenic signals
from adjacent sections.
Imaging and Picture Processing
Imaging of fluorescent signals was performed using an Axio imager Z2 upright
microscope coupled to a LSM700 Zeiss laser scanning confocal 53 lens (NA
0.25), 103 lens (NA 0.45), or oil/glycerol/water immersion lens 253 (NA 0.8).
Chromogenic staining was examined by classical wide-field or binocular mi-
croscopy (Nikon).
Dextran Labeling of Single Whisker and Mandibular Afferents
Tetramethyl rhodamine (D3308) or Alexa488 (D3306) conjugated lysine-fixable
dextrans (Invitrogen) were used for retrograde labeling of trigeminal nerve
branches in pups at day P3. Pups were anesthetized on ice, dextran crystals
were directly injected into a given whisker follicle or into lower jaw to label
mandibular afferents. After recovery at 37C, pups were put back with their
mother for 4 days allowing dextran diffusion. Vibratome coronal sections
(60 mm, or 30 mm for 3D reconstruction) were collected and analyzed under
confocal microscope (LSM700).
NeuroVue Dye-Coated Filter Axonal Tracing
NV Red (FS-1002) and NV Maroon (FS-1001) NeuroVue dye-coated filters
(Jensen-Smith et al., 2007) were from Molecular Targeting Technologies.
Staged fetuses were fixed with 4% PFA/PBS overnight at 4C. To label
mandibular andmaxillary afferents to PrV nucleus tiny pieces of NeuroVue filter
dyes were placed on the whisker pad row E/D (red) and lower jaw (Maroon:
green). To label the dPrV and vPrV projections to the VPM thalamus, P7
pups were perfused with 4% PFA/PBS, brains were dissected and embedded
into 4% agarose, and vibratome sections were made starting from the caudal
brainstem until the PrV nucleus was apparent. NeuroVue dye filter small pieces
were put in dPrV (Maroon: green) and vPrV (red) for simultaneous tracing of
their respective axon projections. Brains were incubated at 37C in 4% PFA/
PBS for 4 weeks (E14.5) or 6 weeks (E16.5 and P7) and then cut. Vibratome
sections (60 mm)were collected on slides, rapidly mounted in Aqua-Polymount
(Polysciences) avoiding dehydration of the tissue and directly imaged under
confocal microscope (LSM700).
3D Reconstruction of Tissue Section
Consecutive 30-mm sections of GFP immunostaining from r2mGFP or
r2Hoxa2-IRES-EGFP P7 brainstem with dextran-labeled C2 whisker afferent input
(red) were imaged with LSM700 confocal microscope. Consecutive images
were aligned using Fiji software (manual alignment). Labeled areas and inputs
were transformed into surfaces in Bitplane Imaris v7.5.2.6.
Quantification of Mandibular Input Targeted Area in dPrV
ThedPrVarea targetedbydextran-labeledmandibular afferentswasquantified
on P7 r2mGFP-LacZ (n = 4) and r2Hoxa2-IRES-EGFP;mGFP-LacZ (n = 4) coronal sections
using the Fiji software. Values were normalized to the targeted surface area in
r2mGFP-LacZdPrV; the graphs of Figure 3H are presented as themean±SD. Sta-
tistical analysis was done using non-paired t test (*** p < 0.0001).
Infraorbital Nerve Lesions
Infraorbital (ION) nerve lesions were as described (Waite and Cragg, 1982).
Briefly, P0 pups were anesthetized by hypothermia on ice for 3 min. For ION
resection, a unilateral skin incision was made between the eye and the caudalen (orange) is significantly reduced, as compared to that of r2ZsGreen (green) and
l-sorted r2Ezh2cKO;ZsGreen versus r2ZsGreen cells.
erived progeny. VPL, ventral posterior lateral nucleus; VPM, ventral posterior
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edge of the right whisker pad. The ION was cut with sterile microscissors. In-
cisions were very small and did not need suture. Pups were then warmed up to
37C on a heating pad, before being returned to the mother. The entire proce-
dure takes 5 min. Mice were allowed to recover and daily checked for up to
7 days, before being anaesthetized and perfused for analysis.
TVA/EnvA Viral Tracing and PrV Neuron Dendrite Analysis
EnvA-pseudotyped G-deleted mCherry rabies virus was stereotaxically in-
jected (Kopf Instruments) into P8 r2TVA-lacZ VPM (from Bregma: 1.6 mm poste-
rior, 1.6 mm lateral, and 3–3.7 mm ventral). A small craniotomy was performed
and a pulled-glass pipettes were used for local infusion of the virus by multiple
short pulses using a picospritzer (Parker). To trace vPrV barrelette neurons, we
performed stereotaxic injections of SAD-DG-mCherry (a kind gift of E. Call-
away) rabies virus in P8 wild-type mice (same coordinates as above). For all
experiments, mice were sacrificed 4 days later, perfused with 4% PFA, and
60-mm vibratome brain sections collected. For each condition, n = 13–20 neu-
rons were traced. Confocal imaging was performed with 403 objective (Zeiss
microscope). Arbors were traced using Neurolucida software (MBF Biosci-
ence). Polar histograms with 36 bins of 10 were calculated by summing the
length of the processes growing into each bin direction, also taking into ac-
count the length in z axis. Values were exported to Microsoft Excel and
analyzed. For each dendritic arbor, its zero angle (i.e., the angle in which the
dendrites extend the least) was determined automatically by finding an angle
in which the vector sum over the semi-circle (+/90) was minimal. The sym-
metry of each dendrite was quantified in reference to this zero angle: this sym-
metry index (SI) measure was calculated by dividing the summed lengths in the
zero-angle direction ± 85 by the summed lengths of dendrites oriented into
the opposite directions. An SI of 0 is asymmetric and SI of 1 is uniform. Statis-
tical tests were calculated in MATLAB 2013b with the statistics toolbox. Post
hoc Kruskal-Wallis tests were performed for all groups for lengths (p = 3.5 3
1006) and symmetry measurements (p = 3.2 3 1007). To compare pairwise
between the three groups Wilcoxon rank-sum tests were performed for length
and symmetry. The significance level was Bonferroni-corrected (a = 0.05) and
accepted at (p < 0.008).
Chromatin Immunoprecipitation and qPCR
PrV-dissected ZsGreen+ cells from E13.5 r2ZsGreen, r2Ezh2cKO;ZsGreen, and
r3ZsGreen brains were isolated by FACS. Cells were cross-linked for 15 min in
1% PFA/PBS solution and subsequently lysed in cell lysis buffer for 10 min
on ice. Nuclei were spun down at 2,500 3 g for 5 min at 4C and finally lysed
in nuclei lysis buffer. Following 15min of lysis on a tube shaker at 4C, samples
were sonicated on Covaris and centrifuged at 22,000 3 g for 15 min at 4C.
Chromatin preparation was diluted 103 with IP dilution buffer and used for IP
chromatin preparations, incubated overnight with 2 mg of H3K27me3 antibody
(Millipore) on a tube roller at 4C. Protein Gmagnetic beads (50 ml) were added
and the incubation continued for 2 hr. Beadswerewashed three timeswith 1ml
of 0.02% Tween20/TBS solution. Precipitated material was eluted twice for
15 min with 100 ml of 1% SDS/100 mM sodium hydrogen carbonate (NaHCO3)
solution at 65Cona thermal shaker. Twentymicroliters of 5MNaClwas added
to theelute and the cross-links reversedby incubating for 6 hr at 65C.DNAwas
purified using Min-elute PCR purification kit (QIAGEN). The fold enrichment
over input (DDCt) values were calculated using the Ct values of the
H3K27me3 enrichment at the Hoxa2 promoter against an intergenic negative
control region that has no H3K27me3 mark, including the respective Ct values
of 1% input samples for both regions. The Hoxa2 promoter PCR amplicon of
113 bp (at 430 bp of the TSS of Hoxa2) was amplified with the following
primers: forward primer chr6: 52,115,259–52,115,278, CGCCTGCAGTCAT
TAACAAA ; reverse primer chr6:52,115,352–52,115,371, TCCCACTCTG
CTCCTTTCTC. The negative control PCR amplicon of 142 bp was amplified
with the following primers: forward primer chr12: 49,000,661–49,000,680,
ATGCCCCTCAGCTATCACAC; reverse primer chr12:49,000,783–49,000,802,
GGACAGACATCTGCCAAGGT. For qPCR, r2ZsGreen and r2Ezh2cKO;ZsGreen cells
from E13.5 fetuses (n = 2 each genotype) were isolated by FACS and RNA ex-
tracted using the Arcturus Pico Pure RNA isolation kit (Applied Biosystems).
cDNA was prepared using Superscript III reverse transcriptase system (Life
Technologies). QPCR was carried out with StepOne Real Time PCR System
(Applied Biosystems). Calculations were done using the delta delta cycle
threshold (ddCt) model, using the TATA box binding (TBP) gene as the most
suitable reference control (based on the Genevestigator program).796 Cell Reports 13, 783–797, October 27, 2015 ª2015 The AuthorsSUPPLEMENTAL INFORMATION
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